The inability to name objects (anomia) is one of the most common findings in the neurologic examination of primary progressive aphasia (PPA). In the semantic variant of PPA, the anomia is profound and reflects a combination of object naming and word comprehension deficits. In contrast, nonsemantic variants of PPA display a more selective impairment of object naming, without corresponding impairments of word comprehension. The aim of the present study was to explore the nature of the anomia in nonsemantic variants of PPA with a sensitive chronometric test of covert word/picture association. We tested priming effects in 12 patients with nonsemantic variant of PPA and 18 controls. Stimuli consisted of written words and line pictures of concrete objects. Within-format (word-word and picture-picture) and cross-format (word-picture and pictureword) priming effects were assessed by measuring the shortening of response times to the second versus initial presentation of corresponding stimulus pairs. In addition to the expected impairment of picture-to-word priming, a condition simulating object naming, the nonsemantic PPA patients also showed unexpected impairments of word-to-picture and word-to-word priming. Picture-to-picture priming was preserved, demonstrating the selectivity of the deficit for lexical processing. These findings show that the information processing bottleneck in patients with nonsemantic variants of PPA is not confined to the stage of lexical access but that it also extends into the prior levels of lexical semantics. The boundaries between the semantic and nonsemantic variants are therefore far from rigid. P rimary progressive aphasia (PPA) is a neurodegenerative syndrome that is being diagnosed with increasing frequency. It is characterized by a selective disruption of word usage and comprehension in the face of relative preservation of other cognitive abilities during the early stages of the disease. 1 Initially, the left-hemisphere language network of the brain is the preferential focus of atrophy and functional disruption. [2] [3] [4] On the basis of the nature of the language impairment, patients with PPA can be subdivided into agrammatic/dysfluent, logopenic, and semantic subtypes. 1, 5, 6 According to this classification system, the semantic variant is characterized by poor single word comprehension but relatively preserved fluency and syntax; the agrammatic variant by poor syntax and fluency but relatively preserved word comprehension; and the logopenic subtype by preserved syntax and comprehension but variable fluency. In the literature, the logopenic and agrammatic subtypes also fulfill the criteria for progressive nonfluent aphasia and the semantic subtype partially overlaps with the syndrome of semantic dementia. 7, 8 The single most prominent deficit commonly encountered in almost all PPA patients is an impairment of word-finding. 9 Such impairments can lead to effortful groping for the right word during spontaneous speech or to anomia during object naming to confrontation.
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The naming of objects is a uniquely human faculty of immense complexity. Several models have been proposed to describe the processes that link the percept of an object to its name. A model proposed by Hillis and colleagues is based on 3 stages: semantics, lexical access, and word form encoding ( Fig. 1 ). 10, 11 The semantic level corresponds to the distributed associations required for object recognition and for linking words to meaning. A disruption at this level leads to multimodal impairments of confrontation naming and in linking a word to its corresponding picture. There is considerable discussion about the internal organization of this level, particularly whether it contains a single modal representation of words and objects or 2 separate but converging routes, 1 for object knowledge and the other for word meaning. 7, 12 The intermediate level of lexical access in Figure 1 is required for word selection but not for word comprehension. Disruption at this level leads to impairment in picture naming abnormalities but not in establishing word/picture associations. 10 The third level incorporates the transformation of lexical representations into spoken and written words. Speech apraxia, a motor speech disorder characterized by impaired ability to coordinate the sequential, articulatory movements that generate speech sounds to form words, is an example of a disruption at this level of the processing hierarchy. The processing stages in Figure 1 are consistent with the more extensively characterized models of Levelt et al, 13 Ellis and Young, 14 and Caramazza. 15 Naming in PPA has been investigated most intensely in the semantic subtypes, leading to the conclusion that the impairments in these patients involve a dysfunction of the semantic level in Figure 1 . 7, 16, 17 Such patients cannot name pictures of objects and cannot point to the correct object when the name is presented by the examiner. In the nonsemantic subtypes of PPA, confrontation naming is impaired, whereas the ability to point to the correct picture on hearing the word is intact, indicating that the name of the object is understood, at least when it is tested by pointing to the corresponding object. In many instances cueing assists a patient with nonsemantic PPA in finding the correct word, and their paraphasias are phonemic rather than semantic. 9 Furthermore, the patients frequently state that they ''know what the word is but cannot say it.'' These features of the anomia in the nonsemantic variants of PPA suggest that the impairment is at the lexical access and/or phonologic encoding stages but that it does not involve more upstream semantic levels of the naming process.
To test this formulation and explore the nature of anomia in nonsemantic PPA, we designed a novel task, based on the principles of repetition priming. The term ''priming'' refers to the idea that exposure to a stimulus (prime) automatically triggers neural activity that influences the processing of an identical or related stimulus (target) encountered at a later time. The influence of the stimulus on the speed or accuracy of responding to the target is defined as priming. 18, 19 We used pictures of objects and written words to remain within a single sensory modality, namely, visual. This choice is unlikely to undermine the generality of our findings because most of the anomias interfere with the written and oral production of the object name. 10 Our task did not require the patient to explicitly name objects but chronometrically probed levels of information processing that link words to corresponding objects. It is chronometric in that, differences in response times are used as a measure of cognitive processing, specifically, the integrity of lexical processing in PPA. 20 The subjects, individuals with impaired naming, were asked to make a ''natural or manmade'' semantic judgment for sequentially presented written names or pictures of objects. Responses were made by pressing a button on a computer keypad and so, no overt naming was required. Each word and picture appeared in only 1 priming condition. There were 4 possible priming conditions: word followed by identical word; picture followed by identical picture; word followed by the picture it named; picture followed by the word that represented its name. We compared the speed of responding to the first versus second member of a given pair to see if exposure to the first member of a pair automatically triggered neural associations that facilitated the response to the second. The difference in response speeds was used to measure the magnitude of priming.
We predicted that the picture-word (PW) priming would be weaker in patients than controls because it simulated confrontation naming that was impaired in all of the patients. We were also particularly interested in the reciprocal word-picture (WP) priming. This condition simulates the ability to point to an object upon hearing its name, a process that was preserved in our subjects and that is more closely related to the semantic stage in Figure 1 . These hypotheses were tested in a group of 12 nonsemantic PPA patients and 18 neurologically intact controls.
METHODS

Participants
Twelve PPA patients with poor confrontation naming as determined by the Boston Naming Test (BNT), but preserved single word comprehension, participated in the study ( Table 1 ). The patients would thus fall into the agrammatic and logopenic subtypes of PPA, as defined by Gorno-Tempini and colleagues. 5 damage to this level is identified by the presence of speech apraxia, dysarthria, or motoric impediments to handwriting.) attempt was made to further subdivide these patients because the criteria for distinguishing the logopenic and agrammatic variants are still being refined. 21 All patients were required to have a study partner (typically a caregiver) to provide historical information to aid in the diagnosis.
Eighteen age-matched and education-matched cognitively intact normal control subjects (NC) were recruited from the Clinical Core registry of the Northwestern Alzheimer's Disease Center (NADC) ( Table 1) . Written informed consent was obtained from all subjects and study partners and the study was approved by the Institutional Review Board at Northwestern University.
All participants received a neuropsychologic test battery. To participate in the study, control subjects were required to score no lower than 2 standard deviations below age-adjusted and education-adjusted normative values on all neuropsychologic tests. Additional exclusion criteria were the presence of neurologic, medical, or psychiatric history, and long-term use of psychoactive medication. All subjects were required to have a minimum visual acuity of 20/40 (correction permitted) to view the stimuli.
The diagnosis of PPA was based on consensus of a speech pathologist, a neurologist, and a neuropsychologist at the NADC using the criteria outlined by Mesulam 1 and adopted by the Uniform Data Set of the Alzheimer's Disease Center programs of the National Institute on Aging (http://www.alz.washington.edu/). 22 Clinical neuroimaging (eg, magnetic resonance imaging, positron emission tomography) had been obtained on all patients ( Table 2) .
Language comprehension is complex and can vary depending on the nature of the test used. For this study, the level of language comprehension was characterized quantitatively by the score on the ''yes/no questions'' auditory comprehension subtest of the Western Aphasia Battery (WAB) 23 and qualitatively, on the basis of reports from comprehensive neurologic, neuropsychologic, and speech language pathology examinations. Patients with moderate-to-severe language comprehension deficits were excluded from this study (WAB yes/no questions subtest scores r54).
The Mini Mental State Examination (MMSE) score was used as a measure of dementia severity. 24 Because aphasia could influence performance on the MMSE, 25 the Activities of Daily Living Questionnaire (ADL-Q), completed by caregivers, was obtained as an independent measure of functional level in daily activities. 26, 27 Word-finding abilities were measured in 3 ways: (1) visual confrontation naming using the BNT 28 ; (2) Semantic Fluency Test (animals) 29 ; and (3) The Fluency subscore in the Spontaneous Speech section of the WAB. 23 Only poor namers, that is, subjects whose scores were r47/60 on the BNT (abnormal for age and education), were studied. Naming deficits were not because of dysarthria or other motor speech deficits in this sample.
Individual test scores and clinical neuroimaging results are presented in Table 2 , which also contains relevant means and standard deviations for the entire NC group.
Design and Materials Repetition Priming Task
Four hundred stimuli were presented to each subject, 200 primes and 200 targets. Prime-target pairs were equally divided into 4 possible priming conditions: word-word (WW) in which the target word was primed by an identical word; picture-picture (PP) in which the target picture of an object was primed by an identical picture; PW in which the name of an object was primed by the picture of its corresponding object; and WP where the target picture of an object was primed by the word that represented its name. None of the 400 stimuli appeared in more than 1 prime-target pair.
Items were presented in blocks of 80 stimuli. Within each block of 80 trials, there were 20 prime-target pairs from each of the 4 conditions (WP, PW, PP, and WW). Each stimulus was presented for 4 seconds on a computer screen using SuperLab Pro version 2.0.3, with a 50 ms interstimulus interval. The different conditions were randomly distributed throughout the run, and stimulus order was semirandom with the repeat (target) stimulus presented 5 to 10 stimuli (20 to 40 s) after presentation of its prime (Fig. 2) . All subjects received the stimuli in the same order.
Words were presented in their canonical orientation on a computer in bold lowercase 150 point Times New Roman font. Pictures consisted of gray-scale versions of the Snodgrass and Vanderwart stimuli from the following website: http://www.cog.brown.edu/Btarr/stimuli.html#sv. The images had been validated by Rossion and Pourtois 30 and their familiarity ratings were used to match the stimulus groups. The mean length of the object names and words was 5.87 ± 2.34 letters (range, 2 to 12 letters). The average familiarity rating was 3.58 ± 0.88 (range, 1.76 to 5.00), based on a scale from 1 to 5 where 1 represented ''very unfamiliar'' and 5 ''very familiar.'' 30 Separate t tests or 1-way analysis of variances (ANOVAs) were completed to ensure that there were no statistically significant differences in familiarity ratings or word length by (1) category (natural/manmade), (2) condition (WP, PW, PP, and WW), or (3) block of trials. [1] [2] [3] [4] [5] The ADLQ score on this questionnaire is a composite of informants' ratings of activities related to self-care, household care, recreation travel, employment, and communication. The score is a percentage reflecting the degree to which ADL's are comprised (O% to 33% mild, 34 to 66% moderate, 67% to l00% severe).
Procedure
A 10-item practice run immediately preceded the experiment to ensure task comprehension. Subjects were asked to view each stimulus, and to prompt deeper semantic encoding, 31, 32 to decide whether the item represented something ''natural'' or ''manmade'' by pressing the appropriately labeled button on the computer keypad (Fig. 2) . Auditory instructions were accompanied by written instructions on the computer screen to promote optimal comprehension of the task. Subjects were told that the stimuli would stay on the screen for 4 seconds regardless of their speed of response but were encouraged to make their decision and respond as quickly and as accurately as possible.
Data Analysis
A t test revealed a significant difference in the overall mean reaction times (RTs) by group (mean ± standard deviation: PPA: 1485.03 ± 106.6; NC: 1048.0 ± 125.9; t = 4.17, df = 28; P<0.001). Given this difference, all remaining analyses were completed using a priming index proportion score for each condition (see example of computation below). This method, proposed by Paller and colleagues, 33 takes into account the expectation that larger difference scores are associated with slower responses in situations such as the present study where response latencies vary among individuals, diagnostic groups, and format (word/picture). For example, the results could be skewed by a scaling effect, whereby a normal priming effect for a 2-second RT might be larger than a normal priming effect for a 1-second RT because there is more room for improvement for an initial RT of 2 seconds than of 1 second. The proportion score is one way to account for this potential confound.
Four priming indices, 1 for each condition (WP, PW, PP, and WW), were computed for each subject using the formula:
Priming Index ¼ ðAverage RT of the Primes À Average RT of Target ItemsÞ ðAverage RT of PrimesÞ
:
To avoid bias in the priming scores by format (word/ picture), primes of the same format (word or picture) were used as both the minuend and divisor for each condition. For example, in the PW condition the mean RTs for all target words in the PW condition was subtracted from the mean RTs of all prime words and this difference was then divided by the mean RT of all prime words to yield the priming index (Appendix). As a result, each subject had 4 priming indices, 1 for each condition that was used for the remainder of the analyses.
Individual 1-sample t tests were used to determine if the priming effects were greater than zero for each diagnostic group by condition. To examine the priming index and the percent of correct responses, a repeated measures ANOVA was used with 1 between-subjects factor: (diagnostic group, 2 levels: PPA and NC) and 1 within-subjects factor (condition, 4 levels: PW, WP, WW, and PP). Post-hoc comparisons were made using t tests to identify differences between the groups by condition. For the 1-sample t tests and for any pairwise comparisons between the 2 groups by condition, a Bonferroni correction was used with a criterion for significance of P<0.0125 (0.05/4).
Items misidentified as being natural or manmade and/or response latencies less than 485 ms (2.5 standard deviations below the uncorrected mean) and/or greater than 4 seconds were counted as errors and excluded from analysis.
RESULTS
The common feature shared by all 12 PPA patients was the combination of abnormal BNT, decreased category fluency, and preserved word comprehension. These characteristics are consistent with a classification of all patients in the nonsemantic PPA group.
On average, the PPA group correctly discriminated natural items from manmade items with 90% accuracy (range, 76% to 97%) and the controls averaged 98% accuracy (range, 88.0% to 100%). The ANOVA demonstrated that the percentage of correct responses for the PPA group was significantly lower than the NC group (P<0.004). There were no significant differences in accuracy by condition (PW, WP, WW, and PP) within the PPA group (P = 0.725). 
Priming Effects Within Each Group by Condition
Results from the individual t tests revealed a priming effect for each of the 4 conditions (PW, WP, WW, and PP; all P<0.001) in the NC's, whereas the PPA group only showed significant priming effects for the PP condition (P<0.001; Fig. 3) .
The ANOVA demonstrated significant differences by condition within the PPA group (P<0.001). Post-hoc comparisons showed that the priming effects for the PP condition were significantly larger than for each of the other conditions (PW, WP, and WW; Pr0.0125). The PW condition showed the smallest average priming effect (mean = À 0.002); however, this mean was not statistically different from the WP or WW conditions after a Bonferroni correction.
Between Group Comparisons by Condition
The repeated measures ANOVA revealed significant main effects: (1) diagnosis, [F(1, 28) = 14.8, P = 0.001] and (2) condition [F(3, 28) = 15.4, Pr0.001] and a significant interaction effect of diagnosis Â condition [F(3, 28) = 3.1, P = 0.03]. Post-hoc comparisons showed that the PPA patients had significantly reduced priming effects for 3 of the 4 conditions (PW, WP, and WW) compared with the controls (P<0.009). Performance on the PP condition did not differ between groups (P = 0.78).
To illustrate individual patterns, priming magnitudes for each subject were graded on a scale from 0 to 3 ( Table 3 ). The score of 0 indicated no priming and 1 to 3 reflected the 3 levels obtained by dividing the maximum Priming Index Score for all subjects into 3 equal ranges. The table shows the considerable heterogeneity of priming patterns in patients and controls. However, there were several general findings that reflected the group results. The PP condition was the only one where all patients showed priming effects and the majority of PPA patients (67%) had priming magnitudes above 1. In the other 3 conditions, only 8 of the 36 (22%) priming scores in the PPA group had a magnitude above 1. In comparison, 31 of 54 (57%) of priming scores in the PW, WP, and WW conditions had a magnitude greater than 1 in the control group. The PW condition seemed to be the least likely to demonstrate a priming effect, as only 5/18 (28%) of controls reached a magnitude above 1. In the PPA group, a PW priming effect above a magnitude of 1 was reached in only 1 of the 12 patients (8% of the group). There was no obvious relation of PW priming to BNT or category fluency scores although subject no. 10 who had the best PW priming score also had one of the 3 highest BNT scores. All subjects obtained nearly perfect scores in the WAB comprehension subtest so that the scores of this test could not be correlated with priming scores in the WP and WW conditions that might have been expected to reflect processes related to word comprehension.
DISCUSSION
The anomia in nonsemantic variants of PPA has been investigated by contrasting overt picture naming according to word-class (verbs vs. nouns), semantic category (eg, living vs. nonliving items), and error type (semantic vs. phonemic). [34] [35] [36] [37] [38] [39] Our experiment did not involve overt naming but probed covert aspects of word and picture processing. We designed a novel task, based on the general principles of priming, for the chronometric assessment of automatic neural processes that link names and pictures of objects to each other. The task did not involve overt naming and required the subject to process a written word or pictorial stimulus by determining whether it was natural or manmade. Priming was measured by comparing the RT at first presentation of a word or picture to the RT upon seeing a semantically identical stimulus of the same format (WW and PP) or of the corresponding format (WP and PW).
In the group of control subjects, exposure to the name or picture of a concrete object triggered a set of neural responses that automatically speeded the processing of the corresponding word or picture in all 4 priming conditions described above. The presence of these priming effects in the control group establishes the face validity of the task we used. Even in controls, patterns of priming magnitudes displayed individual variations although none of the control subjects had any impairment in the BNT or category fluency. It seems that this chronometric priming task probes covert aspects of lexical processing that may have no one-to-one relationship to traditional neuropsychologic tasks such as the BNT and category fluency. The PPA patients showed less efficient priming than controls in the PW condition. Although there was no obvious concordance of PW priming magnitudes with BNT scores at the level of individual patients, it is reasonable to assume that this type of priming probes the associative linkage of objects to corresponding lexical labels, a process that was defective in the patient group we tested. The patients had no impairment of word comprehension when tested by standardized tests and could readily point to the appropriate object upon hearing or seeing its name during routine clinical examination. We therefore expected that the corresponding WP priming condition might be intact. The somewhat unexpected weakness of WP priming in the patient group suggests that the information processing deficit in nonsemantic PPA may not be confined to the stage of lexical access but that it may also extend, at least in part, into the more upstream semantic stage. Conceivably, more challenging tasks of word comprehension might have elicited subtle impairments to match the weakness of WP priming in at least some of our patients, indicating that comprehension is relatively preserved but not necessarily intact even in nonsemantic PPA variants. However, it is also important to point out that the correspondence between WP priming and overt word comprehension, although plausible, has not yet been established.
Our results are consonant with 2 previous experiments from our laboratory. In 1 investigation on mostly nonsemantic PPA patients, it was shown that exposure to a word unexpectedly slowed down the naming of a semantically related object. 40 This finding suggested that the priming word had activated the appropriate semantic field but that it paradoxically slowed the naming of a related object because of a deficit in the ability to discriminate among members of the same semantic group. This is somewhat similar to the situation in spatial attention where target detection becomes progressively slower as the target is made more similar to the distracters. 41 In another experiment, it was shown that nonsemantic PPA patients were not as good as controls in verbal memory tasks because of false-positive recognition of semantically related items. 42 These results suggest that nonsemantic PPA patients may have impairments that are not limited to lexical access and that may extend to the level of semantic mapping. Such a possibility would support the view that PPA is a syndrome of the language network as a whole, such that, individual patients may differ in the type of language function that is most severely impaired but no function of the language network remains completely spared.
The within-format priming of identical stimuli in the WW and PW conditions could reflect shallow perceptual processing and also the deeper semantic encoding elicited by the requirement to decide if the stimulus represented a natural or manmade object. We did not expect to see an impairment of WW priming in our patients, because they had no difficulty in matching identical words or understanding words in traditional clinical tests. The chronometric assessment of priming in this task seems to have provided a more sensitive measure of the neural processes related to the overall integrity of the language network. Presumably words automatically elicited semantic associations that mediated at least some of the priming effects of the WW condition, a process that would be vulnerable to the degeneration of the language network in PPA. By the same token, the preservation of the PW priming indicates that perceptual encoding and perhaps also nonverbal semantics were preserved in these PPA patients. It will be interesting to see if this sort of priming is impaired in semantic PPA.
In conclusion, the validity of a novel task for assessing relatively automatic neural processes that interlink names and pictures of objects was demonstrated through significant priming effects obtained in neurologically intact control subjects. Nonsemantic variants of PPA, identified by the presence of confrontation naming deficits in the BNT but preserved word comprehension in standard tests, showed weaker priming effects not only in the PW but also in the reciprocal WP condition, indicating that the impairment in linking the picture of an object to its name in these patients may have a reciprocal component even when the clinical testing seems to show a deficit confined to confrontation naming.
